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This study provides experimental evidence that di(1-pyrenylmethyl) ether or DiPyMe, a well-
known fluorescent probe employed to determine the microviscosity of surfactant or polymeric 
micelles, is being hydrolyzed in the presence of water upon UV irradiation.  This effect was 
established from the careful analysis of the fluorescence spectra and decays acquired with aqueous 
solutions of DiPyMe dissolved in micelles of sodium dodecyl sulfate (SDS).  The size of the SDS 
micelles could be adjusted from an aggregation number (Nagg) of 70 to 172 by increasing the ionic 
strength of the aqueous solution from 0.0 to 0.5 M NaCl. Hydrolysis of DiPyMe was much reduced 
in the larger SDS micelles. While degradation of DiPyMe in aqueous solutions of SDS micelles 
affected the analysis of the fluorescence spectra, Model Free Analysis (MFA) of the fluorescence 
decays of DiPyMe could reliably retrieve the rate constant <k> of excimer formation for DiPyMe.  
After calibration with mixtures of organic solvents of known macroscopic viscosity, the <k> values 
obtained for DiPyMe yielded the microviscosity (µη) of the SDS micelles as a function of salt 
concentration.  µη was found to increase from 4.0 to 8.8 mPa.s as the salt concentration increased 
from 0.0 to 0.5 M.  This study demonstrated that, regardless of the problem of its hydrolysis that 
jeopardizes its use in steady-state fluorescence experiments, DiPyMe remains an extremely 
valuable probe to describe the microviscosity of hydrophobic domains in aqueous solution, as long 
as its decays are analyzed with a model that accounts for the presence of degradation products as 








Di(1-pyrenylmethyl) ether also referred to as DiPyMe1 belongs to the large family of bipyrenyl 
compounds that are composed of two pyrene moieties separated by a linear chain and which have 
been studied in great detail over the last four decades.1- 10  The photophysical properties of 
dipyrenyl alkanes first introduced in 1976 by Zachariasse2 have been carefully characterized in the 
1980s and 1990s, particularly the effect that the spacer length between the two pyrene groups had 
on their ability to form an excimer.2-5,8,9  The salient features of these studies were that, for linkers 
long enough to avoid specific unfavorable conformations that in some cases prevented excimer 
formation all together, the efficiency of pyrene excimer formation decreased with increasing linker 
length and that up to two types of excimer species could be detected.  Among bipyrenyl molecules, 
DiPyMe with a dimethyl ether linkage1,11- 20 and di(1-pyrenyl)propane (DiPyPr) with a propylene 
linker11,21- 30 have been the most studied probably because their short three atom-long spacer 
endowed them with the smallest molecular dimension of all bipyrenyl compounds and excimer 
formation between an excited and ground-state pyrene took place diffusionally and very efficiently 
due to the short linker holding the pyrene groups in close vicinity. Consequently, DiPyMe and 
DiPyPr were small enough to fit inside any hydrophobic microdomain generated by molecular or 
polymeric surfactants in aqueous solution while the diffusion-controlled process of pyrene excimer 
formation provided information about the local viscosity also referred to as microviscosity of the 
medium DiPyMe and DiPyPr were embedded in.   
 The synthesis of DiPyMe was first published in 1980 and its photophysical properties, 
particularly the dependency of pyrene excimer formation on the microviscosity of the 
environment, were applied to probe the phase transitions in lipid membranes that affected their 
fluidity as a function of temperature.1,11 These studies monitored the ratio of excimer-to-monomer 
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intensity, namely the IE/IM ratio, as a function of temperature and searched for a discontinuity in 
the IE/IM-vs-T profiles as an indication of a transition in membrane fluidity.  Besides its ability to 
form excimer efficiently, DiPyMe is also endowed with other advantageous features rendering it 
an attractive fluorophore to probe micellar systems in aqueous solutions.  First the fluorescence 
spectrum of DiPyMe responds to the polarity of its local environment from the I1/I3 ratio where I1 
and I3 represent the fluorescence intensities of the first and third peak in the fluorescence spectrum 
of the pyrene monomer, respectively.11  This was a surprising outcome because the well-known 
sensitivity of pyrene to the polarity of its environment is the result of its symmetry-forbidden 0-0 
transition31- 33 which is no longer forbidden upon derivatization of pyrene34 as in DiPyPr.11  
Somehow, the oxygen in the β-position of the pyrene groups of DiPyMe seems to re-symmetrize 
the electronic wavefunction of pyrene which restores the sensitivity of the pyrene moieties of 
DiPyMe to the polarity of its local environment.11-13  Second DiPyMe can be transferred from the 
water phase to hydrophobic microdomains without repeated freeze-drying cycles of the aqueous 
solution which are otherwise necessary to bring DiPyPr into the hydrophobic interior of surfactant 
micelles.23,26 This different behaviour is certainly a consequence of the more polar ether linker of 
DiPyMe that increases its solubility in water compared to DiPyPr and facilitates its transport 
through the water phase into the micelles.  Finally the low oxygen concentration found in water 
makes the outgassing of oxygen by bubbling nitrogen, a mandatory step for pyrene dissolved in 
organic solvents, unnecessary for pyrene dissolved in an aqueous solution of surfactant micelles. 
In practice, this represents a welcome simplification since the large amount of foam generated by 
bubbling nitrogen in aqueous solutions of a surfactant is an experimental complication. 
 Based on all these interesting features, it is thus hardly surprising that DiPyMe has been 
employed to probe a wide range of heterogeneous media in aqueous solutions.  In particular, lipid 
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membranes,1,11,14 polymeric micelles,12,13,15,16,18,20 and polymer matrices19 have all been 
investigated with DiPyMe.  Considering such a sustained interest over a time period spanning more 
than three decades, it is thus somewhat surprising that the hydrolysis of DiPyMe in aqueous 
solutions has never been reported.  This study demonstrates that irradiation of DiPyMe in aerated 
aqueous solutions of SDS micelles results in the hydrolysis of DiPyMe and the formation of 1-
pyrenemethanol which affects strongly the fluorescence spectrum of DiPyMe, and thus the ratio 
IE/IM which is normally used to estimate the microviscosity of the medium where DiPyMe is 
dissolved. 
 In these experiments, the fluorescence spectra and decays of DiPyMe were monitored in 
aqueous solutions of 50 mM SDS which were prepared with NaCl concentrations ranging from 
0.0 to 0.5 M.  These conditions ensured the presence of a large excess of SDS micelles that could 
solvate individual DiPyMe molecules in separate SDS micelles.  The SDS micelles were carefully 
characterized by using molecular pyrene and its ability to form an excimer to determine their 
aggregation numbers (Nagg) and rate constant of excimer formation (kq) between one excited pyrene 
and one ground-state pyrene located in a same micelle. Irradiation of the DiPyMe solutions by the 
steady-state fluorometer over a set irradiation time led to hydrolysis of DiPyMe which could be 
easily detected from the significant increase in the monomer fluorescence intensity and the 
associated drop in the IE/IM ratio.  Global analysis of the monomer and excimer fluorescence 
decays with the Model Free Analysis (MFA)35- 37 yielded parameters that provided a complete 
description of the behaviour of the different pyrene species present in solution. This study led to 
the conclusion that while the hydrolysis of DiPyMe upon irradiation compromised the 
determination of the microviscosity of the hydrophobic domains in aqueous solution based on the 
traditional analysis of the IE/IM ratio, the microviscosity (µη) of the hydrophobic interior of SDS 
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micelles could still be determined quantitatively by comparing the average rate constant of excimer 
formation <k> obtained for DiPyMe in aqueous SDS solutions with the <k> values obtained as a 
function of solution viscosity for mixtures of organic solvents.  These experiments led to the 
finding that the microviscosity of SDS micelles increased from 4.0 mPa.s without salt up to 8.8 
mPa.s with 0.3 M salt without changing much within experimental error for salt concentrations 
greater than 0.3 M.  The effect of µη and Nagg on kq found for pyrene excimer formation were 
investigated and led to the conclusion that SDS micelles transition from a spherical to a cylindrical 
morphology at a salt concentration of 0.3 M. 
While the results presented in this study provide a first complete characterization of SDS 
micelles in terms of size (Nagg) and microviscosity based solely on the fluorescence of different 
pyrene derivatives, certainly the most important aspect of this study was not the observation that 
DiPyMe hydrolyzes in aqueous solution of SDS but rather the demonstration that MFA of the 
pyrene monomer and excimer decays of a molecule that can form excimer between two pyrene 
labels provides a quantitative description in terms of molar fractions and rate constant of excimer 
formation of all the pyrene species present in the solution.  This study is thus an additional 
illustration of the as yet unmatched analytical capabilities offered by the MFA to deal with 
experiments involving complex kinetics of pyrene excimer formation. 
 
EXPERIMENTAL 
Materials: Pyrene (Aldrich) was crystallized three times from spectrograde methanol. DiPyMe 
was prepared from reaction of 1-pyrenemethoxide with 1-pyrenemethylene chloride according to 
a published procedure.1,18 1-Pyrenemethanol used to prepare DiPyMe was purchased from Aldrich.  
DMSO (reagent), PEG(0.4K), and benzyl alcohol (puriss.) were also purchased from Aldrich.  
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Distilled in glass tetrahydrofuran (THF) and toluene were obtained from Caledon. Milli-Q water 
with a resistivity of over 18 MΩ·cm was used to prepare all aqueous solutions.   
Preparation of aqueous solutions of SDS and DiPyMe for fluorescence measurements: Samples 
were prepared by dissolving DiPyMe in THF, measuring its absorbance, and then transferring a 
sufficient quantity to a vial such that, after evaporation of THF and subsequent addition of 5 mL 
of aqueous solution of SDS, the absorbance at 345.5 nm would equal 0.2 in a same volume of THF 
equivalent to a DiPyMe concentration of 2.4×10−6 M. Spectra of the molar absorbance coefficient 
of DiPyMe in THF and 50 mM SDS aqueous solution without salt can be found in Figure S1 in 
Supporting Information (SI).  This low concentration of DiPyMe ensured that the probability of 
having more than two DiPyMe molecules per SDS micelle was negligible (Pr(i>1) < 2×10−5).  An 
aliquot of a concentrated (100 mM) SDS solution was added to the vial to obtain a final SDS 
concentration of 50 mM.  Similarly, an aliquot of a 5.0 M aqueous solution of NaCl was added 
such that the salt concentration would vary from 0 to 0.5 M in 0.1 M increments.  The final volume 
of the SDS solution was adjusted with Milli-Q water.  The flasks containing the solutions were 
either placed in a shaker, or had a small stir bar added and were then placed on a stir plate. The 
flasks were subjected to shaking or stirring for a period of one week.   
Fluorescence experiments with DiPyMe in SDS aqueous solutions:  Acquisition of the time-
resolved fluorescence decays and steady-state fluorescence spectra was conducted according to 
the following protocol whereby the irradiation time of the samples in the steady-state fluorometer 
was carefully monitored.  First, the time-resolved fluorescence decays of the pyrene monomer and 
excimer for DiPyMe were acquired since the light source of the time-resolved fluorometer was of 
sufficiently low power that it did not noticeably degrade DiPyMe.  Then the sample was placed in 
the steady-state fluorometer and the steady-state fluorescence spectrum was acquired.  The 
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samples were left in the steady-state fluorometer until a total of two minutes had elapsed, 
corresponding to a two-minute irradiation.  This process of acquiring the time-resolved 
fluorescence decays, acquiring the steady-state fluorescence spectrum, and irradiating for a two 
minutes period in the steady-state fluorometer was then repeated in the same order.  After each 
period of irradiation in the steady-state fluorometer, the sample was mixed by inverting the cell at 
least five times. To this end, approximately a half-centimetre head space was left in the 1 cm×1 
cm fluorescence cell during sample preparation to allow for effective mixing. 
Steady-state fluorescence:  The fluorescence spectra were acquired using a continuous Xe lamp 
for excitation that was fitted on a Photon Technology International LS-100 steady-state fluorometer. 
The aqueous solutions of pyrene and DiPyMe in 50 mM SDS aqueous solutions were excited at a 
wavelength of 334 and 344 nm, respectively, with the steady-state emission being monitored from 
350 to 600 nm.  The slits of the excitation and emission monochromators were set to equal 2.0 and 
1.0 nm, respectively.  The integration time per data point equalled 0.1 s/nm, which ensured that 
the total irradiation time for acquisition of the entire fluorescence spectrum was less than 30 
seconds.  Fortunately in the case of the DiPyMe solutions, it was the monomer portion of the 
spectrum which varied most significantly with irradiation time, and this segment of the spectrum 
was recorded first and in less than 10 seconds.  For both the pyrene and DiPyMe solutions, the 
monomer and excimer fluorescence intensities were determined by integrating the spectrum from 
372 to 378 nm and from 500 to 530 nm, respectively.  The I1/I3 ratio was determined from the ratio 
of the I1 peak at 375 nm and the I3 peak at 386 nm. 
Time-resolved fluorescence:  The fluorescence decays for the monomer were acquired with an IBH 
time-resolved fluorometer with an emission wavelength of 375 nm and 510 nm for the pyrene 
monomer and excimer, respectively.  A NanoLED 340 diode (FWHM = 1.06 ns) was used to excite 
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the samples.  The fluorescence decays of the pyrene monomer in 50 mM SDS solutions with 
pyrene concentrations ranging from 0.07 to 0.40 mM were fitted with Equation 1. 
 
   )]exp(1(/exp[][][ )0()( tkntPyPy qMtt −−><−−×= = τ   (1) 
 
In Equation 1, [Py](t) is the concentration of pyrene at a given time t after the excitation pulse hit 
the solution at t = 0.  The lifetime of the monomer of molecular pyrene in SDS micelles (τM) was 
set to equal 175 ns and was fixed in the analysis, <n> was the average number of pyrenes per 
micelle, and kq was the rate constant for excimer formation in a micelle that contained one excited 
and one ground-state pyrene.  Since <n> equals [Py]/[Mic] where [Mic] is the concentration of 
SDS micelles, <n> was found to increase linearly with [Py] and the slope of this straight line 
yielded Nagg, the aggregation number of an SDS micelle, as shown in Equation 2.  CMC in 
Equation 2 represents the critical micelle concentration of SDS. 
 










   (2) 
 
The time-resolved fluorescence decays of DiPyMe in SDS micelles were fitted according to the 
Model-Free Analysis (MFA) using a fixed τM value of 157 ns, corresponding to the lifetime of 1-
pyrenemethanol in SDS micelles.  The specific program used to fit the fluorescence decays of 
DiPyMe in SDS aqueous solutions was sumegs36dbg which was developed for this application.  
This program has one coupled lifetime, one fixed lifetime for τM, one fixed decay time for 
quenched but uncoupled monomers, one floating decay time for pyrene degradation products of 
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the DiPyMe hydrolysis, and two excimers with lifetimes τE and τD, both excimers being formed 
by diffusion or direct excitation of ground-state dimers. The average rate constant of pyrene 
excimer formation for DiPyMe, <k>, and the molar fractions of the different pyrene species in 
solution were all calculated using equations which have been derived earlier and that are presented 
in Supporting Information (SI).35,36,37  MFA of the fluorescence decays of DiPyMe in organic 
media such as the mixtures of toluene and benzyl alcohol or DMSO and PEG(0.4K) used two 
coupled decay times and one fixed lifetime (τM) to fit the monomer decays and the same coupled 
decay times plus two lifetimes τE and τD for the two excimer species.  The program used for these 
fits of the DiPyMe decays in organic solvents was sumegs35bg which can be accessed from the 
internet (http://fluodecay.uwaterloo.ca/).  Except for the mixtures of toluene and benzyl alcohol 
which were degassed with a gentle flow of nitrogen, all other solutions were left aerated. 
 
RESULTS 
The hydrolysis of DiPyMe was monitored in aqueous solutions of SDS with NaCl concentrations 
ranging from 0.0 to 0.5 M. The presence of salt in an aqueous solution of SDS is known to increase 
substantially the size of SDS micelles38,39 and thus should provide larger hydrophobic 
microdomains in water better able of hosting DiPyMe.  Consequently, the critical micelle 
concentration (CMC) and the aggregation number (Nagg) of the SDS micelles were determined as 
a function of NaCl concentration.   
To determine the CMC of SDS in aqueous solution with NaCl concentrations ranging 
between 0.0 and 0.5 M, the fluorescence of a 7.0×10−7 M pyrene aqueous solution was monitored 
as a function of SDS concentration.  As shown in Figures S2 and S3, both the monomer and 
excimer fluorescence showed strong variations as a function of SDS concentration for a salt 
10 
 
concentration of 0.1 M.  The I1/I3 ratio decreased precipitously in Figure S4 when the SDS 
concentration passed through the CMC as the environment of pyrene switched from polar water 
(I1/I3 =1.73; reported value of 1.5931 and 1.8732) to the hydrophobic interior of the SDS micelles 
(I1/I3 = 1.01; reported value of 1.0431).  The formation of SDS micelles at surfactant concentrations 
just above the CMC also led to the concentration of pyrene molecules inside the few micelles 
present in solution which led to excimer formation. As a larger number of SDS micelles formed 
upon increasing the SDS concentration, the pyrene molecules distributed themselves into different 
SDS micelles which led to their isolation and a decrease in excimer formation.  The SDS 
concentration obtained at the IE/IM peak was selected as the CMC and it was plotted as a function 
of NaCl concentration in Figure 1A.  As the salt concentration increased, the CMC decreased and 
the CMC values that were obtained agreed very well with those reported in the literature.38,40 
  Nagg was determined by preparing 50 mM SDS aqueous solutions with pyrene 
concentrations ranging between 0.07 and 0.40 mM. For each solution, the fluorescence decays of 
the pyrene monomer were fitted with Equation 1 that yielded kq and <n>.  A plot of <n> versus 
pyrene concentration yielded straight lines in Figure 1B whose slopes were used to determine Nagg 
based on Equation 2. The Nagg values were plotted in Figure 1C.  In Figure 1C, Nagg increased 
continuously from 70 to 172 when the NaCl concentration was increased from 0.0 to 0.5 M.  The 
increase in micellar size as a function of salt concentration has been well documented and is due 
to a transition from spherical to rod-like micelles.38,41  Its characterization has been the object of 
numerous reports and is beyond the scope of the present study. What matters at this stage is that a 






Figure 1.  Plot of A) CMC versus [NaCl], B) <n> versus [Py], C) Nagg versus [NaCl], D) kq versus 



















































































from ( ) this work and reference # ( ) 38, ( ) 39, ( ) 40, and (×) 41. B) and D): [NaCl] = ( ) 
0.0 M, ( ) 0.1 M, ( ) 0.2 M, ( ) 0.3 M, ( ) 0.4 M, and ( ) 0.5 M. 
   
 Within experimental error, kq in Figure 1D remained constant as a function of pyrene 
concentration for a given salt concentration. Its value was averaged and plotted as a function of 
salt concentration in Figure 1E.  kq is a pseudo-unimolecular rate constant for pyrene excimer 
formation between one excited pyrene and one ground-state pyrene located in a same SDS micelle 
whose expression is given in Equation 3. 
 
    
mic
difflocdiffq V
kPykk 1][ ×=×=    (3) 
 
In Equation 3, kdiff is the bimolecular rate constant for diffusive encounters between two pyrenes 
and [Py]loc is the concentration equivalent to one ground-state pyrene inside a micelle ([Py]loc = 
1/Vmic where Vmic is the micellar volume).  Equation 3 predicts that, since kdiff is inversely 
proportional to the microviscosity of the micellar interior, kq is inversely proportional to the 
microviscosity and Nagg since Vmic = Nagg×VSDS.  It is thus reassuring that kq decreases with 
increasing salt concentration in Figure 1E since it is inversely proportional to Vmic which increases 
with salt concentration (see Nagg in Figure 1C).  kq obtained for pyrene excimer formation is 
somewhat larger than the kq value obtained for the quenching of tris(bipyridine) ruthenium chloride 
(Ru(bpy)3) by 9-methylanthracene (9-MA).39 The larger kq size obtained with pyrene comes from 
the fact that Ru(bpy)3 with its much larger volume and its strong electrostatic binding to the sulfate 
ions at the micellar surface is much less mobile than pyrene. Thus kdiff is smaller in Equation 3 and 
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the resulting kq value is also smaller but the general trend of decreasing kq with increasing salt 
concentration is also obeyed for Ru(bpy)3 quenched by 9-MA. At this stage, the CMC, Nagg, and 
kq values of the SDS micelles have been characterized as a function of salt concentration and the 
results that were obtained are in good agreement with those reported in the literature.39-40  
 DiPyMe was then dissolved in the 50 mM SDS solutions with different salt concentrations 
and the fluorescence data were obtained according to the strict protocol depicted in the 
Experimental section.  In particular, the fluorescence spectrum of DiPyMe was acquired as a 
function of irradiation time.  As shown in Figure 2A for a DiPyMe aqueous solution with 50 mM 
SDS without salt, the fluorescence spectrum of DiPyMe underwent massive changes upon 
irradiation with the IE/IM ratio of DiPyMe decreasing from 6.5 to 3.6 over a 10 minute irradiation 
in the steady-state fluorometer.  The origin of this change in the fluorescence spectra was easily 
identified from the pyrene monomer and excimer fluorescence decays shown in, respectively, 
Figures 2B and 2C and which were acquired before each 2 min irradiation period in the steady-
state fluorometer.  While the early part of the monomer decay did not change much, irradiation of 
the 50 mM SDS solutions with 2.4×10−6 M DiPyMe generated a long-lived species whose 
contribution to the monomer decay increased continuously with increasing irradiation time.  Since 
excimer is formed rapidly due to the proximity of the two pyrenyl moieties in DiPyMe, the short 
component of the monomer decay was attributed to pyrene excimer formation while the long-lived 
species must have been a pyrenyl species that was generated upon irradiation of the DiPyMe 
solution.  One obvious origin for this long-lived pyrenyl species would be the hydrolysis of 
DiPyMe in aqueous solution that would generate two 1-pyrenemethanol (PyMeOH) moieties.  
Another possibility would be the degradation of one pyrene moiety into a product unable to 
fluoresce and form an excimer with the other pyrene group.  Interestingly those DiPyMe molecules 
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that did not decompose formed excimer in the same manner as illustrated in Figure 2C where all 
excimer decays overlapped perfectly regardless of irradiation time.  The fluorescence data 
presented in Figure 2 are actually identical to what would happen to the fluorescence spectrum and 
monomer and excimer fluorescence decays of a dilute solution of a pyrene labeled macromolecule 
to which a known amount of free pyrene label was added.42 The picture that emerges from the 
fluorescence data shown in Figure 2 is thus consistent with the following description. Upon 
increased irradiation, more DiPyMe undergoes hydrolysis or decomposes, more PyMeOH is being 
generated, and the increased contribution of PyMeOH to the fluorescence of DiPyMe leads to an 
increase in the monomer fluorescence in the fluorescence spectra (Figure 2A), an increase in the 
contribution of the long-lived species in the fluorescence decays of the pyrene monomer (Figure 
2B), and no change in the fluorescence decays of the excimer which is generated by the intact 
DiPyMe molecules (Figure 2C). 
The steady-state fluorescence spectra of the DiPyMe solution acquired as a function of 
irradiation time and with different salt concentrations were first analyzed to determine the IE/IM 
ratio as a function of salt concentration and irradiation time.  The measured values of IE/IM are 
shown in Figure 3A as a function of irradiation time for each salt concentration.  For all samples, 
IE/IM decreased with increasing irradiation time, confirming the degradation of DiPyMe.  The IE/IM 
ratio varied as a function of salt concentration due to changes in the I1/I3 ratio. As described later, 
an increase in salt led to a larger, more hydrophobic micelle resulting in a smaller I1 value used to 






Figure 2.  A) Fluorescence spectra of DiPyMe normalized at 375 nm. From top to bottom: 0, 2, 4, 





















































bottom to top: 0, 2, 4, 6, 8, and 10 min irradiation; C) Overlapping excimer fluorescence decays. 
[SDS] = 50 mM, [NaCl] = 50 mM, [DiPyMe] = 2.4×10−6 M 
   
Although comparison of the IE/IM ratio was complicated by the dependency of the 
monomer fluorescence to changes in salt concentration, the decrease in IE/IM was steepest and most 
pronounced in the absence of salt ([NaCl] = 0.0 M), followed by the SDS solution with 0.1 M 
NaCl, and then all the higher salt concentrations which yielded similar trends.  The trends shown 
in Figure 3A indicate that the SDS solution with the lowest salt concentration experiences the 
fastest and most extensive degradation of DiPyMe.  Incidentally, the 0.0 M NaCl solution of SDS 
also generated the smallest SDS micelles (see Nagg in Figure 1C).  These conditions would allow 
more interactions between DiPyMe and the aqueous phase, a situation that would favor hydrolysis 
compared to the solutions with higher salt concentrations where the larger size of the SDS micelles 
would better shield DiPyMe from the water phase. 
If DiPyMe does indeed hydrolyze in aqueous solutions of SDS, then it would produce two 
PyMeOH molecules.  In turn, PyMeOH with its hydroxyl group and one hydrophobic pyrene 
moiety is significantly more water-soluble than DiPyMe with its less polar ether bond and two 
hydrophobic pyrenyl groups.  Consequently, it is reasonable to expect that the hydrolysis of 
DiPyMe into PyMeOH would result in the migration of PyMeOH from the micellar core towards 
the more polar interface between the SDS micelles and the aqueous phase.  The associated increase 
in polarity in the microenvironment of the pyrene monomer should result in an increase in the I1/I3 
ratio.  The values of I1/I3 were calculated from the steady-state fluorescence spectra and they were 
plotted in Figure 3B as a function of irradiation time for the different SDS solutions. 
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Figure 3. Plot of the ratios A) IE/IM and B) I1/I3 of DiPyMe as a function of irradiation time for 50 
mM SDS aqueous solutions with NaCl concentrations of ( ) 0.0 M, ( ) 0.1 M, ( ) 0.2 M, ( ) 
0.3 M, ( ) 0.4 M, and ( ) 0.5 M.. [DiPyMe] = 2.4×10−6 M 
 
  The SDS solution without salt yielded the highest I1/I3 ratio, the 0.1 M NaCl solution 
resulted in the second highest I1/I3 ratio, and the SDS solutions with the higher NaCl concentrations 
showed overlapping trends. Again, since the zero-salt concentration yielded the smallest SDS 
micelles, PyMeOH could respond better to the polar environment of the water phase and thus 
reported a larger I1/I3 ratio.  As the salt concentration increased, the SDS micelles increased in size 
(see Nagg in Figure 1C), thus shielding PyMeOH from the aqueous phase and resulting in smaller 
I1/I3 ratios corresponding to the decrease in local polarity experienced by PyMeOH.  All DiPyMe 
solutions showed an increase in I1/I3 with increasing irradiation time as would be expected from 




























to the greatest extent at the lowest salt concentration where the smaller SDS micelles are less able 
to shield DiPyMe from the aqueous solution.  The proposed hydrolysis of DiPyMe is shown in 
Equation 4 where kh is the hydrolysis rate constant. 
 
hν + H2O +
 
O




 The results obtained thus far by steady-state fluorescence suggest that DiPyMe is 
photodegraded, probably through hydrolysis, when it is placed in the path of the excitation light 
for the steady-state fluorometer.  To further support the plausibility of this proposal, the 
fluorescence decays of the monomer and excimer were acquired for the SDS aqueous solutions of 
DiPyMe at different irradiation times. The decays were fitted individually with sums of 
exponentials.  Good fits were obtained with χ2 values lower than 1.30 and residuals and 
autocorrelation of the residuals randomly distributed around zero.  The monomer decays were first 
fitted using a sum of four exponentials with one lifetime fixed to 157 ns, the lifetime that was 
found for PyMeOH in SDS micelles.  The monomer decays showed two shorter decay times of 
3.2 ± 1.4 ns and 11.3 ± 1.9 ns with relatively constant and substantial contributions of 0.15 and 
0.80, respectively.  Since these contributions were constant, they were not expected to be due to 
degradation products.  Rather the ~11 ns decay time in the monomer decay approximately matched 
the rise time in the excimer decay. The two other decay times, one ranging between 24 and 100 ns 
and the other set to equal 157 ns had very small contributions which increased with increasing 
irradiation time.  These two longer decay times showing an increasing contribution were attributed 




time of 3.2 ± 1.4 ns was not observed in the excimer decay and since its contribution did not change 
much with irradiation time, it was attributed to an unknown quenching mechanism of the pyrene 
monomer without excimer formation possibly due to the hindered mobility experienced by 
DiPyMe inside the micelles.  This left the one remaining decay time of 11.3 ± 1.9 ns that also 
matched the excimer risetime to be attributed to the process of diffusional excimer formation.  The 
excimer decays could be fitted with a sum of three exponentials.  The excimer decays exhibited a 
12.3 ± 2.0 ns rise time and two decay times around 29 ± 4 and 48 ± 2 ns.  These two last decay 
times are typical of a short (~30 ns) and a longer-lived (~50 ns) excimer found with pyrene-labeled 
molecules where excimer formation is geometrically restricted,28,30 as would be the case for 
DiPyMe in SDS micelles.  The ratio AE-/AE+ of the sum of the negative pre-exponential factors 
over that of the positive pre-exponential factor equalled −0.85 ± 0.05, a value close to −1.0 
indicating that excimer formation occurred mostly by diffusion.  The decay times and their pre-
exponential factors derived from the fits of the monomer and excimer fluorescence decays with a 
sum of exponentials can be found in Tables S1 and S2 in Supporting Information (SI). 
 The conclusions drawn from the analysis of the fluorescence decays with sums of 
exponentials led to the implementation of a program based on the Model Free Analysis (MFA). In 
this program, excimer formation was handled with a single coupled lifetime in the monomer and 
excimer decays and three uncoupled decay times were used in the monomer decays, one fixed to 
3.5 ns to account for the quenching of the monomer that does not lead to excimer formation, a 
second floating decay time to handle some of the degradation products, and one fixed to 157 ns to 
describe the contribution from PyMeOH generated from the hydrolysis of DiPyMe.  Two 
uncoupled decay times were used for the excimer decays to describe the two excimer species with 
lifetimes τE and τD.  The two excimers were assumed to be generated with the same rate constant 
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<k>.  The process applied to implement the MFA has been described in a number of reviews35-37 
and the equations used to fit globally the monomer and excimer decays acquired with DiPyMe in 
SDS aqueous solutions are provided in SI as Equations S1 and S2, respectively.  As for the fits of 
the individual monomer and excimer decays with sums of exponentials, the MFA yielded excellent 
fits and all the parameters retrieved from this analysis are listed in Tables S3-S5.  Fits resulting 
from the global MFA of the decays shown in Figures 2B and C have been provided in Figure S5 
in SI. 
 The rate constant <k> for pyrene excimer formation of DiPyMe in SDS micelles remained 
constant within experimental error as a function of irradiation time in Figure 4A for a given salt 
concentration.  The lifetimes τE and τD were found to remain constant for all salt concentrations 
and equal to 32 ± 2 ns and 50 ± 3 ns. The constancy of <k>, τE, and τD observed for each salt 
concentration was expected from the overlapping excimer decays shown in Figure 2C.   
After the <k> values obtained at a given NaCl concentration were averaged over all 
irradiation times, the averaged <k> values were plotted as a function of NaCl concentration in 
Figure 4B.  As for kq in Figure 1E, <k> was found to decrease continuously with increasing salt 
concentration.  However, whereas kq responded to changes in both the microviscosity and volume 
of the interior of the SDS micelles (see Equation 3), <k> depended solely on the microviscosity 
since each pyrenyl unit constituting DiPyMe could not probe the interior of the SDS micelles 
independently of the other.  Consequently, the decrease in <k> with increasing salt concentration 
shown in Figure 4B indicated that the microviscosity of the SDS micelles increased as the micelles 
increased in size, probably due to enhanced crowding of the micellar interior as Nagg also increased 





Figure 4.  Plot of A) <k> as a function of irradiation time for samples of DiPyMe as a function of 
irradiation time for 50 mM SDS aqueous solutions with NaCl concentrations of ( ) 0.0 M, ( ) 
0.1 M, ( ) 0.2 M, ( ) 0.3 M, ( ) 0.4 M, and ( ) 0.5 M. B) Plot of averaged <k> values as a 
function of salt concentration. [DiPyMe] = 2.4×10−6 M. 
 
The fluorescence fractions ffree, fdiff, fagg, and fq, which refer to, respectively, the pyrene 
units that cannot form excimer (i.e. isolated PyMeOH molecules in SDS micelles), form excimer 
by diffusion, form excimer upon direct excitation of a ground-state pyrene dimer, or are quenched 
without forming an excimer were also calculated from the values obtained from the MFA. Excimer 
formation occurred mostly by diffusion as implied from the AE−/AE+ ratio, the MFA yielding an 
fdiff value equal to 0.66 ± 0.08, regardless of salt concentration.  Nevertheless, it was also noticeable 











































solutions with fagg = 019 ± 0.02 for DiPyMe in 50 mM SDS without salt (see Table S5). This was 
reflected by the low peak-to-valley ratio or PA value of 2.0 obtained from the absorption spectrum 
of DiPyMe shown in Figure S1B.  PA values smaller than 3.0 usually indicate that pyrene 
aggregates are present in solution.43 By comparison, a PA value of 3.0 was obtained for the 
absorption spectrum of DiPyMe in THF shown in Figure S1A reflecting little pyrene aggregation 
as expected from the fagg value of 0.05 retrieved from the MFA of the fluorescence decays of 
DiPyMe in THF (see Table S13).  The aggregation of pyrene units in SDS micelles results from 
the restricted volume available to the DiPyMe molecule in the 50 mM aqueous solution. 
The ffree values were plotted as a function of irradiation time in Figure 5A, while the other 
molar fractions may be found in Table S5 in SI.  The fraction ffree was found to increase linearly 
with increasing irradiation time.  If DiPyMe was hydrolyzing into two PyMeOH molecules 
according to Equation 4, then the slope of these lines would yield the rate constant of hydrolysis 
kh which was plotted as a function of NaCl concentration in Figure 5B.  kh decreased with 
increasing salt concentration reflecting the increased difficulty to hydrolyze DiPyMe molecules as 
the size of the SDS micelles (see Nagg in Figure 1C) and the microviscosity of the micellar interior 
(see Figure 4B) increased with increasing salt concentration.  Both effects contributed to reducing 







 Figure 5. Plot of A) ffree as a function of irradiation time for samples of DiPyMe as a function of 
irradiation time for 50 mM SDS aqueous solutions with NaCl concentrations of ( ) 0.0 M, ( ) 
0.1 M, ( ) 0.2 M, ( ) 0.3 M, ( ) 0.4 M, and ( ) 0.5 M. 
 
The decrease in the IE/IM ratio presented in Figure 3A as a function of irradiation time 
might appear to be a problem if it were used to estimate the microviscosity of the interior of SDS 
micelles.  In practice, this problem might not be as severe as it seems.  Contrary to what Figure 2A 
might lead the reader to believe due to the normalization of the fluorescence spectra at 375 nm, 
the part of the fluorescence spectrum of DiPyMe most affected by the hydrolysis is that of the 
pyrene monomer which is acquired within the first 10 seconds, an acquisition time over which 
very little degradation of DiPyMe was observed (Figure 3).  Consequently, the ratio IE/IM obtained 





































hydrolysis of DiPyMe in aqueous solution. Only if the DiPyMe aqueous solution is continuously 
irradiated will the IE/IM ratio be affected substantially as illustrated in Figure 3.   
While the IE/IM ratio of DiPyMe responds to the microviscosity of the environment, its 
value is not absolute because of the strong dependency of the I1 intensity to the polarity of the 
environment.  Since I1 is selected to measure the IE/IM ratio to ensure good spectral separation 
between the monomer and excimer fluorescence signals, the value of the ratio also depends 
inevitably on the polarity of the environment. While this feature is advantageous to establish the 
location of DiPyMe in a heterogeneous solution such as an aqueous solution of SDS micelles, it 
represents a major drawback to measure quantitatively the microviscosity of micellar domains by 
comparing the IE/IM ratio of DiPyMe obtained in a microenvironment with that obtained in a 
solvent whose viscosity can be measured accurately.  Fortunately, while the IE/IM ratio is a relative 
measure, the <k> value reported in Figure 4B is absolute and can be compared with the <k> value 
of DiPyMe in homogeneous solvents whose viscosity can be measured.  To this end, the 
fluorescence spectra and decays of DiPyMe were acquired in mixtures of toluene and benzyl 
alcohol (BnOH) on the one hand and mixtures of DMSO and a 400 g/mol poly(ethylene glycol) 
(PEG(0.4K)) on the other hand.  In the absence of water, the fluorescence spectra of DiPyMe in 
these organic solvents were unaffected by the irradiation time further supporting the notion that 
the presence of water in the aqueous SDS solutions is responsible for the hydrolysis of DiPyMe 
under UV irradiation.  The fluorescence decays of the pyrene monomer and excimer were fitted 
according to the MFA with Equations S21 and S22, respectively.  Excellent fits of the decays were 
obtained and the <k> value for DiPyMe was determined and plotted as a function of solvent 




Figure 6.  A) Plot of <k> obtained for DiPyMe in mixtures of ( ) toluene and benzyl alcohol and 
( ) DMSO and PEG(0.4K); B) Plot of microviscosity inside SDS micelles probed by ( ) DiPyMe 
or ( ) ESR44 as a function of salt concentration. 
 
In the viscosity regime where η ranges between 1.6 and 5.0 mPa.s in Figure 6A, similar 
<k> values were obtained for DiPyMe in the mixtures of toluene and BnOH on the one hand and 
DMSO and PEG(0.4K) on the other hand.  This observation confirms that <k> responds solely to 
the solvent macroscopic viscosity and not its polarity.  The empirical Equation 5 was found to fit 
the experimental trend in Figure 6A between <k> expressed in ns−1 and η−1 expressed in (mPa.s)−1 
relatively well.  Equation 5 was derived by noting that for η values lower than 5.6 mPa.s 
corresponding to <k> values greater than 1.0×108 s−1, η−1 scaled as 24.4×<k>2.09. Unfortunately 

































plot of η−1/24.4×<k>2.09 vs. <k> for the high viscosity data was found to be relatively well fitted 
by the expression 1.0 + 1.22×10−3×<k>−1.87.  Putting the low and high viscosity regimes together 
resulted in Equation 5 which was applied to predict the microviscosity experienced by DiPyMe in 
the SDS micelles based on the <k> values reported in Figure 4B.  Converting the <k> values 
obtained for DiPyMe in SDS micelles into microviscosity yielded the plot shown in Figure 6B. 
The microviscosity in the micelles was found to increase continuously at low salt concentration, 
more than doubling from 4.0 mPa.s without salt up to 8.8 ± 0.3 mPa.s at NaCl concentrations of 
0.3 M and up.  Above 0.3 M NaCl, the microviscosity stopped to increase.  The microviscosity 
profile obtained with DiPyMe in Figure 6B is quite similar to that obtained by ESR using 5-
doxylstearic acid methyl ester,44 although the absolute µη values are different probably due to the 
fact that the different probes might interact with different parts of the SDS micelles.  Nevertheless 
the overall agreement between the two techniques that predict an increase in µη with increasing 
salt concentration is quite remarkable.  
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The characterization of the micellar size (Nagg in Figure 1C) and the microviscosity of the 
micellar interior (µη in Figure 6B) provided the means to compare the effect that these parameters 
have first on each other and second on kq, the rate constant of pyrene excimer formation presented 
in Figure 1E.  Figure 7A is a plot of µη as a function of Nagg.  Up to a salt concentration of 0.3 M 
corresponding to an Nagg value of 117, an increase in micellar size is accompanied by a steep 
increase in µη.  This result would be expected as the more crowded micellar interior should hinder 
the mobility of its cargo.  The more surprising result in Figure 7A is that past a salt concentration 
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of 0.3 M, any further increase in micellar size no longer affect µη.  The profile of µη-vs-[NaCl] 
in Figure 7A suggests that SDS micelles undergo a transition in their morphology, most likely a 
change from a spherical to a cylindrical morphology occurring around 0.3 M salt 
concentration.38,39,44  The existence of such a transition would explain why further increase in Nagg 
for salt concentrations larger than 0.3 M are not associated with an increase in µη.  Elongation of 
a cylinder with Nagg increasing from 116 for a salt concentration of 0.3 M to 172 for a salt 
concentration of 0.5 M would provide a similar micellar interior in terms of microviscosity 
regardless of the cylinder length as experimentally observed in Figure 7A. 
The effect that Nagg and µη have on kq can be seen in Figure 7B where kq is plotted as a 
function of (Nagg×µη)−1.  Since a larger micellar volume and microviscosity reduce the probability 
of encounter between two pyrene molecules hosted in a same micelle, kq is expected to be inversely 
proportional to the product (Nagg×µη) as predicted by Equation 3.  Within experimental error, two 
linear trends are indeed observed in Figure 7B.  They are associated with two different regimes, 
one for salt concentrations smaller than 0.3 M where kq takes larger values and the other for salt 
concentrations larger than 0.3 M where kq takes smaller values and decreases more steeply with 
increasing (Nagg×µη)−1.  The breakpoint between the two regimes might correspond to the salt 
concentration ([NaCl] = 0.3 M) where SDS micelles change from a spherical to a cylindrical 





Figure 7.  A) Plot of the microviscosity inside the SDS micelles probed by DiPyMe as a function 
of salt concentration and B) plot of kq for pyrene excimer formation inside the SDS micelles as a 
function of (η×Nagg)−1. 
 
DISCUSSION 
The determination of the microviscosity of the interior of surfactant or polymeric micelles has 
been an important topic of research over the past four decades.  In the case of surfactant micelles, 
at least four general methods have been developed to determine µη.  The first method requires the 
determination of kq as done in Figure 1E for the quenching of a fluorophore by a quencher both 
located inside a same micelle. Applying the Einstein-Schmoluchowski expression for kdiff in 
Equation 3 which includes the viscosity of the medium yielded µη.  This procedure resulted in 




































between 15 and 36 mPa.s at RT for the quenching of pyrene by iodide anions,46 and 3.2 mPa.s at 
RT for the quenching of diethylindoloindole by α−cyanonaphthalene.47  A second procedure 
involves the measurement of the short subnanosecond viscosity-dependent lifetime of 
carboxycyanine derivatives. Comparison of the lifetime of two carboxycyanine derivatives 
obtained in SDS micelles and a calibration curve obtained with solvents of known viscosity yielded 
µηSDS values of 5.0 mPa.s48 or 4.3 mPa.s49 both at RT.   
The third and most commonly employed method involves bichromophoric probes that can 
form excimer and whose IE/IM ratios in surfactant micelles is compared to the IE/IM ratio obtained 
with a calibration curve where IE/IM is plotted as a function of solvent viscosity.  By far, the 
bichromophoric probe of choice has been DiPyPr for these experiments yielding µηSDS values of 
19 mPa.s at 20 oC,50 10.1 mPa or 15.6 mPa.s at 25 oC,51 21 mPa.s at 25 oC,52 19 mPa.s at 15 oC,53 
and 24 mPa.s at 30 oC.54  Other bichromophric molecules include diphenyl propane, 1,10-
dipyrenyldecane, biphenyl ether, and dinaphthylpropane that yielded µηSDS values of 4 mPa.s at 
20 oC,50 57.1 mPa.s and 330 mPa.s at 25 oC,51 10 mPa.s at 20 oC,55 and 9 mPa.s at 22 oC,56 
respectively.  In summary, measurements with DiPyPr result in µηSDS values around 21 mPa.s at 
RT but smaller µηSDS values are obtained with less hydrophobic probes such as diphenyl propane, 
biphenyl ether, or dinaphthylpropane suggesting that such probes are located closer to the micellar 
interface with water where they experienced higher mobility.  Consequently, the lower µηSDS value 
of 4.0 mPa.s found for DiPyMe compared to 21 mPa.s for DiPyPr might be due to its lower 
hydrophobicity induced by the ether linker.   
Besides the difference in polarity between DiPyMe and other bichromophoric molecules 
which might affect its location in the SDS micelles, another major difference was the method that 
was applied to determine µηSDS with DiPyMe in this study compared to the µηSDS values obtained 
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in earlier studies with DiPyPr.  In the present study, µηSDS was obtained through the flexible but 
robust MFA of the time-resolved fluorescence decays acquired with DiPyMe. As has been shown 
earlier for pyrene-labeled dendimers35,57 and a short poly(ethylene oxide) construct end-labeled 
with pyrene,42 the IE/IM ratio of probes that form excimer efficiently such as the bipyrenyl probes 
used to estimate µηSDS is highly sensitive to the presence of residual amounts of unattached pyrene 
labels that are much longer-lived than the pyrenyl units constituting the bipyrenyl probe.  Since 
the quantum yield of the pyrene monomer equals krad×τ where the radiative rate constant (krad) does 
not change but the lifetime (τ) of the pyrene monomer increases about 15 fold when the pyrenyl 
moiety is free in solution compared to covalently linked to another pyrenyl molecule as in DiPyMe 
or DiPyPr, the pyrene monomer intensity (IM) can be easily overcome by a small quantity of 
unattached pyrenyl label.  This is a general problem with the fluorescence spectrum of these 
bipyrenyl probes which results typically in substantially lower IE/IM ratios, and thus overestimated 
microviscosities. This artefact is fortunately eliminated when applying the MFA to the decay 
fitting as was done herein as this analysis isolates the contribution of the pyrenyl moieties that 
form excimer by diffusion from that of the unattached pyrenyl labels.35-37,42 
One last technique used to determine µηSDS has been electron spin resonance with 5-
doxylstearic acid methyl ester (5-DSE).  Analysis of the line width of the ESR signal yielded the 
rotational time of the ESR probe which in turn provided the µηSDS values which were plotted in 
Figure 6B.44  As usual, an absolute match is difficult to obtain between different probes such as 5-
DSE and DiPyMe, but the overall trend as a function of salt concentration between the two probes 
shows a remarkably good agreement, with µηSDS increasing with increasing salt concentration up 
to a salt concentration of 0.3 M and remaining constant at salt concentration larger than 0.3 M. 
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The 0.3 M NaCl concentration has also been attributed to a change in micellar morphology from 
spherical to tubular micelles.39,44 
 While the presence of a free pyrenyl label affects the absolute value of the IE/IM ratio of a 
bipyrenyl molecule, the IE/IM ratio still represents a relative measure of the microviscosity of the 
local environment as long as the fluorescence signal of the pyrene monomer is not overwhelmed 
by free pyrene labels. The problem with DiPyMe is that the IE/IM ratio decreases continuously with 
increasing irradiation time (see Figure 3A) as DiPyMe is being hydrolyzed in aqueous solution. 
This effect makes it more challenging to infer microviscosity values from the IE/IM ratio obtained 
by analyzing the fluorescence spectrum of an aqueous solution of DiPyMe. Nevertheless relevant 
information about microviscosity can still be retrieved with DiPyMe by taking advantage of the 
fact that DiPyMe hydrolysis occurs relatively slowly, solely upon irradiation of the solution, and 
affects the pyrene monomer fluorescence most. To achieve this goal, the two following precautions 
should be strictly adhered to. First, the DiPyMe solution cannot be irradiated before starting the 
acquisition of the fluorescence spectrum. Since DiPyMe hydrolysis affects mostly the fluorescence 
signal of the pyrene monomer that is acquired in the first 10 s of irradiation, IM will change little 
during this irradiation time as long as the solution was not irradiated beforehand. This first 
condition implies that the settings for the acquisition of the fluorescence spectrum of a DiPyMe 
aqueous solution which includes adjustment of the slit width of the excitation and emission 
monochromators to obtain sufficient fluorescence signal must have been determined previously. 
Since several attempts are often necessary to find satisfactory settings to acquire a fluorescence 
spectrum, this leads to the second condition which requires that a DiPyMe aqueous solution that 
was irradiated to acquire its fluorescence spectrum be discarded after completing the spectrum 
acquisition.  Using a fresh DiPyMe aqueous solution for each fluorescence spectrum ensures that 
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little DiPyMe has been hydrolyzed and that the IE/IM ratio retrieved from the analysis of the 
fluorescence spectra will be little affected by DiPyMe hydrolysis. 
 
CONCLUSIONS 
This study has used the rate constant of pyrene excimer formation of DiPyMe to determine the 
microviscosity of SDS micelles.  The parameters describing the properties of SDS micelles such 
as CMC, Nagg, kq, or µηSDS were all obtained using the fluorescence of molecular pyrene or 
DiPyMe.  After considering differences between the probes used in other studies and DiPyMe or 
pyrene, all trends obtained for these parameters as a function of NaCl concentration were found to 
be in very good agreement with those reported in earlier studies.  Considering that DiPyMe was 
found to hydrolyze over time resulting in a drift in the fluorescence data, the mere ability to retrieve 
quantitative information about the process of pyrene excimer formation for DiPyMe in SDS 
micelles is certainly a tribute to the robustness of the MFA that is capable of distinguishing 
between the photophysical processes that do or do not lead to pyrene excimer formation.   
 Thanks to the MFA of the DiPyMe decays, the rate constant kh of hydrolysis of DiPyMe in 
aqueous solutions of SDS micelles could be determined quantitatively and was found to decrease 
with increasing salt concentration.  This result was consistent with the overall properties of the 
SDS micelles whose hydrophobic interior and microviscosity were found to become larger with 
increasing salt concentration, both effects contributing to a reduction in the probability of DiPyMe 
to come in contact with water and hydrolyze.  Certainly, the most important aspect of this study is 
that it has successfully expanded the realm of applicability of the MFA further from pyrene-labeled 
macromolecules to characterize the process of pyrene excimer formation in bichromophoric 
molecules, an area of research that so far could only be handled by the DMD model and its 
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variants,28 under the toughest possible experimental conditions, those of a fluorescent probe 
degrading over time.  
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